Abstract. The importance of intrinsic fluctuations to the next generation of CMOS circuits has renewed interest in simplified, computationally inexpensive routes to the analysis of circuit parameters such as threshold voltage and subthreshold slope in ensembles of devices. A quasi-3D analytic approach to the statistical analysis of these parameters in 100 × 100 nm, 70 × 70 nm and 35 × 35 nm devices has been compared to the more computationally expensive full 3D simulation. The quasi-3D approach is useful in predicting variations in subthreshold slope, although its predictions become inaccurate for devices of approximately 35 × 35 nm or smaller. It is less effective in considering variations in threshold voltage, erroneously predicting a rise of the ensemble average threshold voltage and significantly exaggerating the threshold voltage variations over the ensemble.
Introduction
Considerable experimental and theoretical effort has been undertaken to understand the nature of the intrinsic parameter fluctuations caused by atomic scale differences between macroscopically identical MOSFETs-a problem of significant and growing importance to the semiconductor industry as MOS devices continue to scale. As these microscopic differences in, for instance, dopant number and position, are essentially 3D in character, recent studies have concentrated on fully 3D 'atomistic' simulation of device characteristics [1, 2] . However, before numerical simulation techniques were developed to make computationally expensive 3D simulations of statistical ensembles of devices feasible, 2D and quasi-3D approaches were considered [3, 4] which use an analytical model to describe the distribution of parameter variations over an ensemble of devices. As the importance of intrinsic parameter fluctuations in the operation of the next generation of analogue and digital CMOS circuits becomes clear [5] , there will be renewed interest in these simplified approaches [6] , which promise the dramatically shorter modelling times required for practical circuit analysis. It therefore becomes crucial to understand the limitations of such simplified models, both for present devices, and for those approaching the end of the Industry Roadmap [7] .
We examine parameters of considerable interest to circuit designers, including threshold voltage and subthreshold slope, and compare results obtained by quasi-3D approaches to that of full 3D 'atomistic' simulation for devices of 100 × 100 nm, 70 × 70 nm and 35 × 35 nm effective gate length and width. Section 2 describes the two modelling techniques employed, whilst section 3 describes the results obtained, and discusses the limits of applicability of the quasi-3D approach. Figure 1 shows the 1 × 1 × 1 nm mesh for full 3D simulation of an 100 × 100 nm device, containing approximately 10 3 channel dopants (N A = 3 × 10 18 cm −3 ). Simulations are performed using the Glasgow 'atomistic' simulator, which correctly accounts for fluctuations introduced by discrete random dopant distributions in device channel, source and drain regions. Impurities are placed randomly to the nearest grid point in these regions using a rejection technique, and no account is taken, in this work, of possible nonrandom dopant clustering and dopant correlation. We work in the drift-diffusion approximation, which is a good approximation for analysing variations in the subthreshold regime and threshold voltage. Complete details of the simulation technique are given in [1, 2] .
Simulation Techniques
Also shown in Fig. 1 is the structure of the quasi-3D model [4] . The device is divided into 7 × 7 nm columns, each with a nominal continuous doping. The nominal doping of each column is consistent with that which would be achieved if discrete dopants had been spread throughout the device. Each column is treated as a separate MOS capacitor, and from the statistics of each MOS capacitor's substrate doping, the statistics of the threshold voltage and subthreshold slope for each MOS capacitor are obtained using standard formulae;
where the semiconductor band bending at the silicon/silicon dioxide interface characteristic of threshold voltage, 2φ B , where φ B is the Fermi potential, is split into a global φ B independent of local doping fluctuations and a local φ f , the statistics of which are trivial to calculate. Having the statistics of the threshold voltage for each MOS capacitor, the probability of a conductive path (the highlighted path shown in Fig. 1 ) existing between source and drain can be obtained from percolation theory based on when each elemental cuboid falls into inversion. No consideration is given in this formulation to the extended effect of a dopant outside its local given column, which will tend to smooth the potential landscape near the surface, lowering the probability of a single column inverting early as the gate voltage is raised-but strengthening the probability of a percolation channel being formed once several columns have inverted. Neither are the position of dopants vertically within a column considered-the results of which are shown qualitatively in a full 3D analysis shown in Fig. 2 , which shows the potential map of the active region of the 100 × 100 nm device of Fig. 1 . Obviously dopants near the surface have a more dramatic effect on the potential landscape in the nascent channel. Figure 3 and Table 1 show the variation in threshold voltage (from a 'target' value equal to that of a continuous device) based on an ensemble of 10,000 discrete devices. For each of device sizes, 100 × 100 nm down to 35 × 35 nm (all doped to N A = 3 × 10 18 cm −3 ), the analytic approach predicts a raising of the ensemble average threshold voltage over that of a continuously doped device, whilst the 3D simulation predicts threshold voltage lowering. This threshold voltage lowering is due to the formation of percolation paths from source to drain, which, on average, allow the channel to partially turn on earlier than predicted for continuous doping. In the quasi-3D analytic approach, the area of any local inversion is limited to that defined by a single column (7 × 7 nm for the 100 × 100 nm device) and percolation theory requires many of these local inversions to have occurred before a conducting channel is formed-thus incorrectly predicting that conduction should be more difficult than predicted for continuous doping. 3D simulation also predicts some variation in threshold voltage offset with device size, whilst the quasi-3D analytic approach does not. The analytic approach rescales it's mesh as the device scales to keep the number of dopants in each column in the channel depletion region constant. This keeps the number of columns similar despite scaling, and thus percolation theory predicts similar average gate voltage for percolation to occur.
Simulation Results
Both approaches predict broadening of the threshold voltage variation (the std. deviation of each trace in Fig. 1 ), as might be predicted by the √ n/n increase in system granularity as the number of dopants in the channel decreases (approximately 1000, 500 and 120 dopants for the 100 × 100, 70 × 70 and 35 × 35 nm devices respectively) and the relative importance of each dopant increases-although the analytic approach predicts approximately twice the threshold voltage variation of the full 3D simulation. However, the 35 nm device has threshold voltage variation larger than predicted by this argument. It should be noted that the 3D simulation correctly models short channel effects due to source and drain depletions, whereas these are ignored in the quasi-3D analytic approach.
Whilst the analytic approach fails to predict the random dopant induced threshold voltage lowering, it does successfully describe variations in subthreshold slope, as shown in Fig. 4 and Table 2 . Both the analytic and full 3D approaches agree well for the distribution of subthreshold slope values around their mean, and their offset from the continuous case for 100 × 100 nm and 70 × 70 nm devices. However the quasi-3D approach fails to predict an additional degradation in sub-threshold slope in the smallest device. It allows a proportion of the devices in the ensemble to have subthreshold slopes which are unphysical when proper short channel effects are included.
Conclusions
A quasi-3D approach to the statistical analysis of threshold voltage and subthreshold slope in the presence of intrinsic parameter fluctuations induced by random discrete dopants has been compared to the more computationally expensive full 3D simulation. The quasi-3D approach erroneously predicts a raising of the ensemble average threshold voltage in the presence of fluctuations, and significantly exaggerates their effect on the variation of threshold voltage over the ensemble. The analytic approach is more useful in predicting the subthreshold slope, although its predictions becomes unphysical for devices of approximately 35 × 35 nm or smaller. Some distinct enhancement of the analytical approach is therefore required, before it can be used as a computationally inexpensive tool for accurate circuit analysis in the presence of intrinsic fluctuations.
